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1. SUMMARY
The wave rotor topped gas turbine has shown
significant promise for engine performance
enhancement in both previousCI,2) and ongoing
analytical studies. One of the important next steps for
moving this technology toward implementation in a
commercial application is the demonstration of this
technology in an engine. The assembly of a successful
wave rotor demonstrator gas turbine engine is a
necessary and logical step in the maturing of wave rotor
technology and the assessment of the benefits of its
integration into propulsion and power generation
devices. A successful demonstration can greatly
enhance the understanding and acceptance of wave
rotor technology. In this way the potential for
incorporation of wave rotors into commercial gas
turbine engines may be more accurately assessed.
The objectives of the program were to establish the
viability of assembly of a demonstrator wave rotor
engine using the Allison model 250 turboshaft engine
as a basis. Design point and off design operation of the
engine was assessed. A preliminary design of the
engine was performed. Cost and schedule for detailed
design, fabrication and test of the engine were
estimated.
Results of the program show how a successful wave
rotor topped demonstrator engine may be assembled
using existing hardware. The engine has the potential
of demonstrating excellent design and off design
performance. The wave rotor demonstrator engine has
a predicted 733 hp power output at design point, a
11.4% increase relative to the production version
baseline engine. SFC improves substantially also with
a 22% decrease relative to the baseline. The design of
the burner represents the greatest challenges due to high
burner inlet temperatures.
2. INTRODUCTION
This program is designed to be part of a larger study at
NASA LeRC, both analytical and experimental,
developing the four port wave rotor concepts in a multi-
phase program. Planned additional phases target the
experimental evaluation of a rotor capable of being
installed in a demonstrator engine. The program
reported here performs the engine analysis need to
identify existing engine hardware capable of being
assembled into a successful demonstrator engine
program.
A potentially successful demonstrator engine program
is perceived as one which can:
1. Demonstrate a meaningful degree of improved
engine performance.
2. Aggressively incorporate wave rotor
technology.
3. Use current materials and technology.
4. Utilize existing engine hardware to a high
degree.
5. Impose minimal mechanical complexities on
the engine.
The first of the requirements stated above sets the goal
substantially higher than that of assembling an engine
able to merely achieve self-sustaining operation or
attain levels of performance routinely found in
production engines. In fact, assembling an engine
accomplishing these lesser goals would, in itself, be a
significant step forward in wave rotor engines, but
insufficient, the author believes, to show the concept's
true merit. Certainly meeting requirement 1 will
necessitate the use of requirement 2. The wave rotor
concept must be employed to the best of its present
potential in order to demonstrate full merit. With
regards to number 3, the focused development of a
single new technology both enhances the opportunity of
a successful outcome and clarifies the source of any
noted engine performance. Requirement 4 allows
program funding to be dedicated to the wave rotor
components and avoids development effort being
diverted away from the stated goal. Finally, the
opportunity for success of any program is enhanced
where simplicity can be maintained. In addition,
credibility as to future product potential is boosted as
simplicity in implementation is demonstrated.
As a basis for the effort, the Allison 250 (military
classification T63) turboshaft engine series was
selected as a candidate for use in the demonstrator. A
typical 250 engine is depicted in Figure 1. Basis for
this selection is derived from its low cost, low corrected
flow, relatively low cycle pressure ratio, engine layout,
and the numerous models of varying design point air
flow from which to select components. Table I
summarizes relevant data for this engine line. Previous
studies had identified major gains available to engines
of low cycle pressure ratio with application of the wave
rotor concept.
2.1 Program Structure.
The work reported here was accomplished in 6
subtasks. Under subtask A, a viability assessment
evaluated the probable success of formulating a suitable
wave rotor demonstrator engine utilizing the Allison
250 engine. There are several wave rotor cycles that
may be suited to a turbine engine application.
Candidate wave rotor topping cycles were considered
and a screening process used to indicate a preferred
cycle. An engine cycle study performed indicated that
from a performance and flow capacity standpoint,
improved engine performance could be realized. A
preliminary selection of basic engine components
allowed the key design parameters of the wave rotor to
be established. Using this data, candidate wave rotor
design point flow size, pressures and temperatures were
established.NASAthendesignedthewaverotorand
preparedmapsof its performance.Rotorinletarea,
rotorsize(diameter,length)androtationalspeedwere
established.
SubtaskB performeda designpointstudyusinga
detailedcycleanalysisemployingthesewaverotor
maps.Determinedin thestudywerefinalvaluesof
waverotorflow,inletarea,androtorrotationalspeed.
Enginedesignpointemperatures,pressures,andburner
designconditionsweregenerated.A rangeof engine
hardwaresuitablefor usein thedemonstratorengine
wasconsideredwithafinalselection based on minimal
alterations to production engine hardware. A criterion
carefully adhered to in the design was the replication of
the production engine's compressor surge margin.
Subtask C extended the design point cycle work to an
off design point analysis. The cycle study determined
part power performance including idle.
Under subtask D, a preliminary engine design resulted
in an engine layout. A list of engine hardware to be
modified and new hardware to be procured was
assembled. Also addressed was the. effect of wave
rotor output pressure pulse on turbine design.
In subtask E an estimate of engine build and test cost
was made. A schedule for accomplishing same was
also established.
Subtask F included the reporting effort.
2.2 The Wave Rotor Concept
The wave rotor concept is based upon the use of
transient fluid dynamic processes occurring within flow
passages mounted on the circumference of a rotating
drum as depicted in Figure 2. In general, the term wave
rotor does not define a specific device but rather a
broad classification of devices. In this particular
application, pressure and expansion waves together
with direct hot-to-cold gas flows are made to perform
functions commonly reserved for steady state processes
in conventional gas turbine equipment. The transient
processes are made compatible with steady flow
devices (compressor and turbine), ahead of and behind
the device by making the transient processes cyclic
within the passage and utilizing a series of tubes with
staggered phases of the transient process occurring in
adjacent passages.
In considering the wave rotor and its unique transient
based operation, the gas turbine specialist may have to
overcome a number of potential pitfalls in thought
hindering his understanding. The following list is
intended to address common misconceptions:
• The pressure waves in the rotor passages are
not standing waves but instead travel the
length of the tube.
* Whereas the flow within a rotor passage is
unsteady, the flows entering and exiting the
rotor through the ports are steady with some
amount of pulsating component.
• The rotor turns to provide opening and closing
of the passage end points, not to provide
change in angular momentum of the entering
and exiting flow streams.
• The wave speeds are sonic or greater but the
gas speeds are everywhere subsonic.
• The device is not a partial admission turbine
and compressor combination.
Figure 3 illustrates how a wave rotor device may be
used to top a gas turbine engine cycle. A properly
designed wave rotor can act as a high technology
topping spool to a gas turbine engine. It increases the
effective pressure ratio of the engine as well as
increases the effective turbine inlet temperature. In
contrast to a conventionally configured topping spool,
the wave rotor offers the following advantages:
• Mechanically simple.
• Low rotational speed.
• One unit accomplishes both compression and
turbine functions.
• Self Cooled.
• Conducive to application at low corrected
flows.
The self cooled feature of the rotor is derived by the
exposure of the rotor walls to alternatively hot then cold
flow in rapid succession, thus bringing the wall to an
average temperature which is well below the peak cycle
temperature. Fluctuations in wall temperature are
modulated by the thermal inertia of the wall.
Design of a wave rotor to successfully augment a gas
turbine engine is not a straight forward process.
Basically, the design of a wave rotor enhanced engine
starts with the design of the cycle of wave processes on
board the rotor. The cycle design is accomplished
through innovation using an understanding of the
transient flow processes. A successful design utilizes
the transient processes to the best advantage of the gas
turbine within the limits of inherently imposed
constraints.
3. RESULTS AND DISCUSSION
3.1 Subtask A - VIABILITY ASSESSMENT.
The gas processes occurring within the wave rotor are
depicted in Figure 4, the wave diagram of the through-
flow (TF) wave rotor cycle. This particular cycle is
explained in detail in reference 2, where it is explained
along with the other competing candidate, the reverse-
flow (RF)cycle.Thediagramdescribestheprocesses
in therotorbytracingthe"trajectories"of thewaves
andgasinterfaceswithin the rotor. Shockwaves
trajectoriesareshownhereasbroadsolidlines,and
expansionwaves(actuallyfans)areshownaslight
dashedlines.Hot-to-coldgasinterfacesareshownas
heavierdashedlines. Individualpassagesandwave
frontsarenotgenerallyshownin thediagramaswas
donein Figure3 for instructivepurposes.In many
waysanunderstandingofawavediagramisasbasicto
theunderstandingof awaverotorastheunderstanding
of a velocitydiagramis to thatof a conventional
turbineorcompressor.
Numericalmethodsvalidatedby experimentalresults
arenowavailableto performthedeterminationf the
waveprocessesoccurringonboardthewaverotor.3,4,5
Wavediagramsproducedbysuchmethodsareshown
in Figure5andarepresentedin termsofcontourplots
of pressure,densityandvelocity.Pressureplotsshow
shockandexpansionwavesandthedensityplotvery
clearlyshowsthe placementof hot-to-coldgas
interfaces.
Twobasicwaverotorcycledesignswereconsideredin
thestudy,thesehavingbeenselectedfroma broader
groupof candidatecyclesstudiedin previouswork.
Thetwocyclesaretermedthefour-portthrough-flow(TF)andfour-portreverse-flow(RF)cycles.Eachis
identicalin its overallperformancebut theydiffer
substantiallyin theirinternallayout.A comparisonof
thepositiveandnegativecharacteristicsofeachcycleis
detailedlaterin thissection.Duetotheidenticalnature
of theperformanceof thetwocandidates,theviability
studycouldbecarriedoutwithoutregardtocycletype.
Overallperformanceharacteristicsusedintheviability
studyweretakenfromreference1andareshownin
Figure6.
Toappropriatelyguidetheapplicationofawaverotor
to anexistingenginetheinherentcharacteristicsofthe
wave rotor cycle must dictateseveralimportant
decisions.In generalengineSFCimprovementsare
realizedthroughcyclepressureratioincreases.The
waverotortoppingcycleachievesthisinanexpedient
mannerandthe maximumlevelsof toppingcycle
pressuregainarerealizedby attaininga maximum
temperatureratioacrossthedeviceasshownin Figure
6. ThesecharacteristicsshowthatasT4/T1increases,
P4/P1increases.Theoverallpressureiseacrossthe
toppingcycleisthussetbytheratiooftheturbineinlet
temperatureto thecompressordischarget mperature.
Thepursuitof maximumperformanceimprovement
thusresultsinanenginecyclefullyutilizingtheturbine
inlettemperaturecapabilitiesofthebaselinengine.
In retrofittingawaverotorintoanenginedesign,it is
mostimportantto avoidcompromisingthecomponent
performanceby pooroperatingpointselection.This
dictatesthatthecompressoroperateatornearitsdesign
flowandpressureatio,generallyneartheratedpower
pointofthebaselinengine.Similarlytherequirement
to maintaincompressorsurge margin in the
demonstratorengineat baselinelevelsconstrainsthe
designoperatingpointtonearbaselinenginelevels.
Withthecompressorperatingnearitsdesignpressure
ratioandflowandtheturbineoperatingatits design
inlettemperature,thepressureattheturbineinletin the
demonstratorenginewill of necessitybehigherthan
thatof thebaselinengine.Theendresultis thata
changein the turbinehardwareis requiredto
accommodateth reducedturbineinletcorrectedflow
due to the higher turbine inlet pressure,while
maintainingappropriateefficiencyandworkextraction
in theturbinesection.Anapparentconflicthusarise
betweentheuseof existingenginehardwareandthe
needtoreducetheturbinesectionflowcapacity.
Consideringthe250modelline inparticular,theneed
tomodifyturbineflowcapacitymaybeaccommodated
bya "mixandmatch"strategycombiningcompressor
andturbinesectionfromtwo of themultiplicityof
differentenginemodelsavailable.Enginesin this
productlinerangeinmassflowatdesignpointfrom3
to7lbm/sec.
Thecycleanalysiscarriedout in this phaseof the
programidentifieda favorablengineselectionusing
thecompressorfthe250C30enginetogetherwiththe
turbinesectionof the250C28Cengine.With the
turbineinlettemperature(TIT)maintainedat1930F in
thetoppedengine,atoppingcyclepressureatioof 3.0
wasachievedthroughadditionof thewaverotor.The
pressureof thegasenteringtheturbinewasincreased
by a factoror 1.2asa result.Performanceimprove-
mentsweredramaticwith an increaseof 20%in
specificshafthorsepower(SP)anddecreasesinspecific
fuel consumption(SFC)of 22%indicated.Improve-
mentsofthismagnitudetogetherwithfavorableresults
regardingcomponentselectionessentiallyproved
conceptviability.
Asdescribedabove,analysisconductedtothispointis
equallyapplicableto boththe TF and RF cycles.
Subsequenttasks objectives,however,required
selectionof a particularcycle.Wavediagramsof the
twocycles idebysidein Figure7. TheTFandRF
cyclesdifferin directionof flow intoandoutof the
waverotor.TheTFroutesallgassesthroughtherotor
lefttoright.TheRFbringscoldgasintoandoutofthe
samesideoftherotor.Thisisalsotrueof thehotgas
flow.ThustheRFcycledoesnotinherentlyhaveaself
cooledrotor. In orderto achievea selfcooledRF
design,a twocycleperrevolutiondesignof theRF
configurationmustbeconstructedwhichorientsthe
cyclealternatelyrightandleftontherotorasillustrated
in Figure8. A numberof thepositiveandnegative
characteristicsof each cycle are presented in Table II.
The "IT cycle appeared to be a more advantageous
selection for purposes of a demonstrator engine.
Essentially, demonstration of self cooled rotor
capability, with a mechanically simple arrangement,
was judged highly desirable. The result of the selection
process, due to its limited scope and narrowly defined
objective, is not intended to be a definitive indicator of
absolute merit of either candidate in the topping of gas
turbine engines in general. Selection in individual
applications will require careful examination of all
competing concepts.
3.2 Subtask B, DESIGN POINT ANALYSIS
Prediction of the performance of the wave rotor was
accomplished through the use of a detailed map of the
wave rotor cycle performance generated over a broad
range of operating parameters. Design of the rotor and
preparation of the performance maps used in this study
are the accomplishment of Jack Wilson and Dan Paxson
of NYMA, Inc. and NASA Lewis Research Center
respectively and were based on their work 1,2,4. Effects
of fluid friction, heat transfer, and leakage are included
in this analysis. One representation of the resulting
map is shown in Figure 9 and 10. Mass flow and heat
addition are represented in terms of dimensionless
corrected parameters in these maps but were generated
for a specific set of design variables as defined below:
and
Q
COIT
ml RTI///
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A summary of the wave rotor design is shown in Table
III and details of the wave rotor design and its
performance are documented in Appendix A.
A detailed cycle analysis was used to model engine
operation. Maps of compressor, gasifier and power
turbines, and wave rotor performance were utilized for
a number of component selection sceneries. The study
was constrained by the following:
• retain production engine compressor surge
margin.
• scale turbine flow capacity less than 5%.
• avoid the use of compressor bleed to achieve
surge margin.
• scale the wave rotor flow capacity less than
10%.
Scaling of the turbine hardware over a limited range is
applicable when utilizing existing hardware. The
employment of modification techniques commonly
used in engine development programs, but feasible for
use on production engine parts makes this possible.
These modifications leave turbine efficiency essentially
unchanged while altering flow capacity over a narrow
range.
The use of compressor bleed to control surge margin
was ruled out because of its severe impact on engine
performance. Although the influence of the bleed flow
could be accounted for and the engine performance
analytically compensated to remove this penalty, this
approach was rejected in favor of a more defensible
demonstration of performance improvement.
Results of the study indicated that the selection of a 250
model C30 compressor joined to a C28C turbine section
downstream of the wave rotor, resulted in a
demonstrator engine having the greatest performance
increases possible using existing hardware. Flow
capacity of the turbine hardware was increased by 1.4%
for both the gasifier and power turbine. The flow
capacity of the basis wave rotor design was increased
by 6%. The revised dimensions are identified in Table
III for the wave rotor design as matched for use in the
demonstrator engine.
The baseline engine becomes the 250 C30 engine
producing a nominal 650 shaft horsepower at maximum
continuous rating with an SFC of 0.59. The
demonstrator engine has a predicted 733 shaft
horsepower with an SFC of 0.45. Comparative design
point results are quoted with both engines operating at a
turbine inlet temperature Of 1930 F. Application of _he
wave rotor thus yields a 11.4% increase in shaft
horsepower, a 20.0% increase in SP, and a 22%
decrease in SFC. These improvements are very
impressive and show the potential for a very successful
demonstrator engine test.
Design point operating conditions within the
demonstrator engine are detailed in Figure 11.
Comparing station 4 with station 1 shows a 1.24
pressure gain across the wave rotor section. The burner
inlet operates at a pressure ratio of 3.37 higher than the
compressor discharge. Turbine inlet temperature is
held to the production engine levels (1930 F) while
burner exit temperature is at the 2605 F level. Gas
expansion within the wave rotor thus realizes a 675
degree reduction in gas temperature before the turbine
inlet station is reached.
Note that the burner inlet temperature is elevated
significantly above that expected for a conventional
cycle. This is due to an inherent feature of the TF wave
rotor cycle which recirculates through the burner loop a
mass flow 60% larger than that entering the wave rotor
fromthecompressor.Thisimpactstheburnerdesign
significantly,aswillbediscussedinsection3.4.
3.3SubtaskC. OFFDESIGNOPERATION.
Thecyclemodelof theenginewasexercisedovera6
pointsetofpowersettingsrangingfromidletotakeoff
power.Figure12comparesSPandSFCforthetopped
andbaselinenginesasapercentimprovementforthe
off designpoints.Bothcomparisonsshowexceptional
performanceimprovementsbythedemonstratorengine
withincreasinggainsaspoweroutputis reduced.Idle
performancewasimprovedwitha 19%increasein SP
and a 32% decreasein SFC. For eachpoint,
compressorsurgemarginwasmaintainedatproduction
enginelevels.Withrespectto compressorperation,
oneconsequenceof usingexistingcomponentswas
notedin thespeedof thegasgenerator.Thedesign
speedmatchpointof thetoppedengineis 6%below
that of the productionengine.This resultsin a
somewhatoversizedcompressorandturbinesystem
comparedtotheproductionengine.
A closerexaminationftheworkingsofthewaverotor
is showninFigure13withtheengineoperatingpoints
placedonthewaverotoroperatingmap.Designpoint
operationfallsnearthekneeof thecurveatthedesign
heatadditionlevel.Aspoweroutputis decreased,the
operatingpointmovestoacurveof lowerlevelof heat
addition.Theoperatingpointremainsnearthekneeof
the curve in eachcase. This characteristicis
maintainedovertheoperatingrangeincludingtheidle
points.It canbenotedthata numberof idlepoints
wererunoverarangeofpowerturbinespeedstoassess
sensitivity.Engineoperationwasacceptableat each
pointexamined.
Alsoshownin Figure13is theP5/P1pressureratio
characteristicsof thewaverotorandtheplacementof
theoperatingpointsonthismap.It is notedthatthe
operatingpointsfalluponalocusofpointsrepresenting
a maximumin P5/PIas correctedheatadditionis
altered.P5representstheburnerinletpressure,which
appearsto be maximizedin this operatingpoint
selection.
Furtherexaminationofthepressureswithintheengine
cyclesareprovidedin Figure14. Mostnotableis a
comparisonoftheoverallpressureatiosofthetopped
andun-toppedengines.At designpointoperation,the
toppedengineapproachesa pressureratioof 23:1.
Baselinenginelevelsarenear9:1.Overtheoperating
range,thewaverotorcontributesanearlyconstant3:1
compression.It shouldbe noted that in the
demonstratorengine,theshaftcompressoroperatesata
lower pressureratio than that of the identical
compressorin thebaselinengine.Thisis dueto the
abovementionedless than optimal component
matchingresultingin gasifiershaftspeedsaveraging
6%belowdesign.
Figure15examinesthepressuregaincontributionof
thewaverotorin analternateway.Thepressuregain
fromcompressordischargeto turbineinletrepresents,
in asimplifiedway,thecontributionof thewaverotor
to thecycle.Thisratioapproaches1.24at thehigh
powersettingsandlowersto 1.09attheidleconditions.
A secondwayof examiningtheoverallcontributionof
thewaverotoristocompareburnerexittemperaturesto
turbineinlettemperaturesacrosstherangeof power
settings.Figure16indicatedthathedifferencein these
temperaturesmainsnearlyaconstant600degreel vel
withsomeadditionalgainshownatthehighestpower
setting.
Gaspathtemperaturesthroughoutthecycleareshown
in Figure17. It canbe notedthatat equalshaft
horsepowerpointsfor the two engines,production
enginerotorinlettemperaturesare60 to 75degrees
higherthanthosein thewaverotortoppedengine.
Onedisadvantageof thetoppedenginerelativetothe
productionengineisclearlynotedwhenexaminingthe
burnerinlettemperatureconcernmentionedearlier,this
timeacrosstherangeof powersettings.Figure18
indicatesthatdueto thecombinedeffectof higher
compressionratioandhotgasrecirculation,theburner
inlettemperaturesoperatefrom600to 1000degrees
higherforthedemonstratorenginewhencomparedto
thebaselinengine.Thismovesthedesignof the
burnertoasignificantlyhigherleveloftechnologythan
thatexistingin thebaselinenginetoday.
As describedabove,wave rotor speedis self
determiningdueto thefreewheelingdesignselected
forusein thisstudy.A comparisonfthespeedsofthe
waverotorandgasifiershaftinthedemonstratorengine
is shownin Figure19. The waverotorspeedis
approximatelyaconstant1/3of thegasifierspeedfor
all powerpoints,withtheratioapproaching1/4atthe
idle powersetting.Thefeaturethat at power,the
rotationalspeedof thewaverotor remainsa near
constantfractionofthegasgeneratorspeedindicatesa
favorableresultif sometypeof mechanicall shingof
thegasgeneratorandwaverotorshaftshouldbecome
necessaryastheconceptis examinedandtestedin
furtherwork.
Thewaverotordesignuponwhichtheseperformance
characteristicswerebasedisoutlinedinFigures20,21
and22.Thewaverotoremploysa2waverotorcycles
perrevolutiondesignin orderto accomplisha more
advantageousdesignpackageTherationalefor this
willbediscussedinthefollowingsection.
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3.4Subtask D. PRELIMINARY DESIGN
The preliminary design engine layout addressed the
following issues:
1. Mechanical aspects of component re-match.
2. Component configuration selection.
3. Wave rotor port ducting design.
4. Combustor design.
5. Wave rotor and adaptive engine parts required.
3.4.1 Mechanical Components
Figures 23 and 24 show cutaway schematics of the
Allison 250-C30 and C28C engines respectively. As
can be readily noted, these engines share a high degree
of commonality. In addressing mechanical hardware
aspects, the key issues were:
• Shaft thrust bearing implications.
• Supply of cooling air for the gasifier turbine.
• Compatibility of the gearboxes.
• Potential for forced turbine vibration.
The layout of the 250 engine minimizes the impact of
increased thrust on component bearing due to a basic
feature of the engine; compressor, and individual
turbine thrusts are carried on separate bearings. This
implies that a boost in turbine inlet pressure yields a
simple increase in thrust with no change in thrust
direction or large load increase at a low design thrust
bearing system such as is common in other engine
configurations.
Cooling air for the gasifier turbine is supplied at
approximately 4.5% above turbine inlet pressure. Mass
flow required is 2.2% of the compressor discharge flow.
Cooling air at the design point is 665 F. A diagram of
the turbine air cooling scheme is shown in Figure 25.
This air performs a number of tasks and the temperature
level at which it normally arrives plays a key function.
Although the burner inlet air pressure far exceeds the
required pressure, so does it's temperature at 1767 F
(+1102 F). For this particular wave cycle, an alternate
source of air must be created. Some additional cooling
air may also be required to cool the ducting to and from
the wave rotor. It is likely that cooling air can be made
available at the wave rotor cycle level. However, the
generation of an alternate source of cooling air was not
investigated as such was outside the scope of this effort.
With respect to gearbox compatibility of the C30 and
C28C models it has been found that the two are
compatible. Interconnecting shafting is common
between the models and a direct bolt up of components
is anticipated.
The potential for gas pressure pulses emanating from
the wave rotor port 4 flow, entering the gasifier turbine
and exciting critical vibration modes in the turbine
hardware was examined. The wave rotor gas pulse
frequency was calculated to be between 10,000 and
13,900 Hz for operation between idle and design point.
A first stage turbine blade fast bending mode was
found to exist at 12,500 Hz. It was recommended that
the frequency of excitation be moved lower to a
maximum of 11,000 Hz. Latitude in selection of wave
rotor passage number indicates that it may be
accomplished without significant performance impact.
3.4.2 Demonstrator Engine Configuration Study.
A highly important consideration in design of the
demonstrator engine is the proposed layout of the
baseline engine. The wave rotor section is to be
introduced in the flow path at the point normally held
by the combustor. Downstream of the wave rotor, the
conventional flow path picks up again at the turbine
inlet. The burner in the wave rotor concept is
connected to the wave rotor both at the inlet and the
exit. Due to the additional length occupied by the wave
rotor, the ability to stretch the length of the portion of
the flow path in the baseline engine between the
compressor discharge and the turbine inlet may be
highly desirable.
Several unique aspects of the 250 engine series are
relevant to the selection of this engine for wave rotor
topping. The turbine inlet is directly accessible without
required engine gas generator or power turbine shafting
changes. The dual transfer tube feature at the exit of
the compressor is also useful in coupling the engine
with a two cycle per revolution wave rotor layout.
An early engine layout concept is shown in Figure 26.
The layout accomplished direct transfer of the gas flow
from the wave rotor to the turbine and used the two
transfer tubes from the compressor to feed the wave
rotor. However, with the burner placed along side and
below the wave rotor, the ducting to the wave rotor
from the combustor is long, hot, and complex in shape.
Shortening of this duct lead to the final engine layout
concept as shown in Figure 27. In addition, the engine
components are placed on a common center line
allowing the engine case to be fully utilized in the
structure of the engine back through the combustor
module.
3.4.3 Wave Rotor Port Ducting.
Design of the wave rotor ducting is critical to the
successful application of the wave rotor concept. Using
the results of the previous subtasks, an engine layout
was carried to the preliminary design level by using the
following port ducting design study analysis.
The engine ducting must conform to the allowable
losses of their individual gas flows. The cycle analysis
of subtasks B and C assumed:
1. Compressor to wave rotor losses are
unchanged from the production engine.
2. Burnerto waverotorlossesaredeterminedby
thewaverotorinternalcyclematching.
3. Waverotortoturbinelossesareassumedtobe
3.25%.
4. Waverotortoburnerlossesaredeterminedby
thewaverotorinternalcyclematching.
Totalof lossesin 2 and4 aboveis 8.9%soasto
achievewaverotorcyclematching.
The resultsof the cycle work now allow the
reexaminationf theseassumptions.Designstrategy
foreachducthasbeenbrokendownintoastatementof
thechallenge,followedbyapreferredapproachtomeet
thatchallenge.In eachcase,theapproachhasbeen
judgedto becapableof meetingthelevelsinitially
assumedappropriate.
1. Port1:Compressort waverotor.
Challenge:Createa low loss transitionfrom
transfertubeat0.15Machnumberto avalueof
0.41Machnumberin theport,thenexecutea 153
degreeturn.
Approach:Accelerateheflowslightlyin theturn
thenrapidlyaccelerateheflow in a converging
ductto theport. Thisis a straightforwardduct
designwithaccelerationhelpingtokeepthelosses
low in theturn. Preliminarydesignis shownin
Figure28.
2. Port2:Burnertowaverotor:
Challenge:With flow from combustorat low
velocity,usingashortduct,acceleratetheflowto
0.35Machnumberintotheportwhileturningthe
flow23degrees.
Approach:Usingexistingcombustortransitionto
formanannulus,dividetheannulusintotwoducts,
thenacceleratetheflowinaconvergentductwitha
simultaneoust rn.Figures29,and30illustratethe
design.
3. Port4:Waverotortoturbine:
Challenge:Createacompactdesignwithlowloss.
Theproductionengineturbineinletgeometryis
designedforverylowaxialvelocityintothenozzle
row, hencetheductingplusnozzlerow hasa
pressurelossmuchlessthanthe 3.35%goal
targetedhere.Waverotor turbineflow exitsat
0.49 Machnumber.Warning:a designwith
diffusionfollowedby accelerationwill resultin
veryhighlossesexceedingthe3.25%goalandthus
mustbeavoided.
Approach:By eliminatingthe 1ststageturbine
nozzlerowandutilizinga transitionductfrom
waverotor to turn theflow into the turbine,
4.
diffusion followed by acceleration is avoided. This
change mandates changes to the existing engine
hardware including the rear turbine bearing support
(RTBS). Careful design is required to reduce the
duct length experiencing high velocity flow. The
preliminary design includes a turning vane to
properly guide the flow. The throat is set at the
trailing edge of the turning vane. Figure 31 and 32
present the preliminary design. Proper design of
this section requires CFD analysis to minimize
both heat transfer area and flow losses while
assuring proper flow into the blade row.
Port 5: Wave rotor to burner:
Challenges:
a. Receive flow from the wave rotor at 0.33 Mach
number, turn 152 degrees and diffuse to 0.15
Mach number. Pressure loss requirement set
by wave rotor matching. Total loss from wave
rotor exit at 5 to inlet at 2 is 8.9%.
The loss breakdown is:
• burner liner, 4.9%, the production engine
liner level.
• burner to wave rotor, 1.0% estimated
based on above port 2 design.
• wave rotor to burner, 3.0% goal.
b. A strong temperature gradient exists across the
flow in this duct, 3100R to 1690R, with a
2227R average.
Approach: Turn the flow at port Mach number
(0.33) and diffuse to 0.15 Mach number in straight
duct. Use high temperature materials in duct until
temperature mixing is attained. Turning will aid
mixing of the hot and cold flows. Figure 33 shows
the resulting duct design.
The resulting engine wave rotor module is
illustrated in Figures 34 and 35 showing the side
and end views. High radius air bearings are
selected for the wave rotor handling both radial and
axial loads. The high radius feature lightens the
device and its high temperature capability enhances
its applicability. Figure 35 clearly shows the dual
nature of the compressor to wave rotor inlet and
burner inlet external ducting.
3.4.4 Combustor Design
Analysis indicates that a burner design based on a
modified production 250 R20 burner (Figure 36) will
result in a combustor of superior design. However, the
predicted liner wall temperature is 2500F for a film
cooled production design since the burner inlet
temperature is 1767 F. The standard liner material,
AMS 5521, is unacceptable since 2500F is above this
material's limits. In fact this temperature is impractical
for any liner material except ceramic. For a
demonstrator engine, a ceramic liner is deemed too
expensive and has an excessively long lead time for
procurement.
Alternately, the predicted liner wall temperature is
1915F for a Lamilioy liner design. The preferred
material for this temperature range is HA188 with a 3
ply Lamilloy. It is anticipated that peak temperatures
can be reduced an additional 20 degrees with
optimization of the liner. Such a liner is predicted to
have a life suitable for demonstrator test series.
Thus analysis indicates that through the use of a
effusion cooled liner and a careful selection of non
exotic burner liner materials, a demonstrator engine
burner may be developed based on a production 250
burner.
3.4.5 Alternate Port 5 Design: Reduction of Burner
Inlet Temperature.
The burner inlet temperature may be reduced in the
through-flow cycle by splitting of the port 5 flow into 2
gas streams. As shown in Figure 4, flow exiting port 5
is composed of a hot and cold streams which mix
together downstream of the port. Initial gas is hot gas
not exhausted to the turbine, followed by gas previously
arriving from the compressor and compressed within
the wave rotor. Figure 37 quantifies the temperature
levels of the two gas streams. (Note that the predictions
shown are those for the subtask A viability study design
point with the average value deviating slightly from the
subtask B predictions.) Hot gases at 3100 R are
directed directly to the wave rotor port 2 entrance
(burner exit)since temperature levels there are near
identical. Cold gas at 1600R is routed to the burner
inlet, lowering the burner inlet temperature from 1767F
to I140F. This allows conventional materials to be
used in the combustion liner and reduces gas mass flow
rate to the burner, allowing a significant burner size
reduction.
Figure 38 presents a design concept for the split port 5
ducting. The use of internal ducting for the hot gas
reduces heat loss and isolates hot ducting from the
exterior of the engine. A feasibility analysis has
indicted that the gas streams have appropriate levels of
total pressure to allow the required ducting design.
3.4.6 List of Engine Hardware Required For the
Demonstrator Engine.
Adaptive engine parts required:
A1. Gasifier turbine rear bearing support
A2. Nozzle assembly- gasifier turbine 1st stage
A3. Shield - gasifier turbine bearing sump
A4. Combustor case
A5. Combustor liner
A6. Misc. exterior pipes and wiring
A7. Spacer- turbine containment ring
A8. Turbine nozzle mounting flange and support
A9. Engine mount
A10. Misc. parts in gasifier turbine sump
Wave
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
Rotor Components required:
Rotor
Forward end plate
Rear end plate
Air bearing journal shaft
Outer wave rotor assembly case
Inner case tube
Air bearing components
Transition ducts - compressor to port 1
Transition case - combustor to wave rotor
Combustor center body
Support for combustor center body
Duct from combustor outlet annulus to port
2
13. Duct from port 5 to combustor case inlet
14. Intermediate flange - liner support at
combustor flange
3.5 Subtask E Demonstrator Engine Design,
Fabrication and Test Cost and Schedule Estimates.
Estimates of costs include:
• Component Design/Analysis
• Pattern procurement
• Fabrication and/or casting
• Machining
Costs presented in Table IV are based on fabrication of
3 sets of hardware to be used in the testing phase.
Rapid prototype parts are assumed based on computer
aided design.
Schedule estimate for this effort is presented in Figure
39.
4. CONCLUSIONS
As substantiated by the viability study results, the
design point analysis predicts that the wave rotor
topped 250 engine produces 11.4% more shaft
horsepower (+20% specific power) with a 22%
decrease in engine SFC at a 100% power setting (1930
F turbine inlet temperature). The re-match of
components can be accomplished using existing engine
hardware with a minimum of changes. At off design
operation, the improvements in SP and SFC are
similarly improved at part power and idle. Surge
margin of the topped engine is equivalent to that of the
production engine. The wave rotor delivers a near
constant 3:1 cycle pressure ratio boost realizing a 1.24
overall wave rotor system pressure rise. Burner inlet
pressurerunsat3.3to 3.2X thecompressordischarge
pressurefor thepowerpoints.Burnersizeremainsat
currentleveldueto the60%gasrecirculationandthe
600degreehigherburneroutletemperature.
For the componentselected,the turbine inlet
temperatureof thetoppedenginerunsbetween59and
74 degreesbelowthatof theproductionenginefor
equalpoweroutput.Thewaverotoris freewheeling
andspinsat 1/3theNg+ or - 3%(15369atdesign
point).Theburnerpressurelossis between8.8%and
7.9%for thepowerpointswithcorrectedburnerinlet
flowgoingfrom0.95to0.90respectively.Ngforthe
toppedengineis 94%thatof theproductionengine
resultingin reducedflowandpressureratioon the
compressor.
Thepreliminarydesignhasverifiedthatre-matchof
enginecomponentscanbeaccommodatedwithexisting
enginehardware.A stackedcomponentconfiguration
workswellwithtwocycleperrevolutionwaverotor
andthe250enginelayout.Theallowableductpressure
lossesandgoalpressurelossesappearachievable.
Difficultiesfor furthereffort includeidentifyinga
sourcefor turbinecoolingair supplyandthehigh
burnerinlettemperatures.Hightemperaturesr ultin
heatlossconcernsfor thetwo externalductsplus
materialselectionconcerns.In addition,burnerliner
materialselectionandlinerdesignaremademore
difficult.A simplechangein rotorpassagenumberwill
eliminatethewaverotorpulsationscoincidingwiththe
1stbendmodeoftheturbineblades.A carefulstudyis
requiredtooptimizethetransitionducttotheturbineto
achievenear conventionalengine nozzle row
performance.
It is instructiveto evaluatethe statusof the
demonstratorenginedesignrelativeto thecriteriafor
successestablishedat thestartof theprogram.The
degreetowhicheachwasmetmaybeevaluatedusinga
scorecardapproach:
A SUCCESSFULWAVEROTORDEMONSTRA-
TORENGINEPROGRAMWILL:
1. Demonstratea meaningfuldegreeof engine
performanceimprovement.
• 11.4% SHAFT HORSEPOWER increase, 22%
SFC improvement, even more at part power.
• Score: A+
2. Aggressively incorporate wave rotor technology.
• The best cycle available was utilized. The
potential exists for improvement by using the split
port 5 or other yet undetermined cycle changes.
• Score: A
3. Utilize current materials and mechanical
technology.
• Current material limits pushed in combustor liner
and port 2 transfer duct. Air bearings are selected
for wave rotor. Rotor is of conventional materials.
• Score: C
4. Utilize existing engine hardware to a high degree.
• All existing hardware used except combustor and
1st nozzle row.
• Score: A
5. Impose minimal mechanical complexities on the
engine.
• External transfer tubes used for ducting to
combustor.
• Score: B
Summarizing, a successful wave rotor topped
demonstrator engine may be assembled using existing
hardware. The engine has the potential of showing
excellent design and off design performance. The
design of the burner represents the greatest challenges
due to high burner inlet temperatures.
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6. NOMENCLATURE
symbol definition units, if
applicable
Q heat addition rate. dimensionless
COlT
moo_ mass flow rate
A port flow area
P total pressure
T total temperature
R gas constant
x distance in rotor passage
L length of rotor passage
SFC specific fuel consumption
SP specific power
N mechanical shaft speed
Subscripts
1 port 1 conditions
2 port 2 conditions
3 port 3 conditions
4 port 4 conditions
corr or c corrected dimensionless
design or d design conditions
gg gas generator
WR wave rotor
dimensionless
lbm/hp/hr
hp sec/lbm
rpm
10
TableI. PartialAllison EngineCompanyModel 250ProductLine Data.
Model Weight Pressureatio
SeriesI
T63-A-5C18 141 6.2
TakeOffPower SFC
317 0.697
SeriesII
T63-A-700C20 158 7.2
C20B 158 7.2
400 0.630
420 0.650
SerieslII
C28B 228 8.6
C28C 222 8.6
500 0.606
500 0.590
SeriesIV
C30 240 8.6 650 0.592
TableII.
Cycle
Type
TF
RF
single
cycle
RF two
cycle
Wave Rotor Cycle Selection Study Results.
Positives
Inherently self cooled design. Walls see
hot/cold flow at 530 Hz.
Simple compact combustor loop due to ample
pressure drop allowable.
Average rotor temperature is 200 F lower than
TF cycle
Inherently self cooled design. Walls see
hot/cold flow at 265 Hz.
Negatives
Combustor inlet temperature is 600+ degrees
higher than RF cycle.
Pressure in combustor is 1% higher than RF cycle.
Pressure loss of 6.5% in combustor loop requires
carefully designed ducting.
Mass flow in combustor loop is 60% higher than
RF cycle requiring larger ducting and combustor.
1250+F temperature difference from end to end of
rotor.
Average temperature of hot end at 2140F, 310F
higher than TF cycle.
Rotor inlet and exit ducting at opposing angles on
the same end of rotor complicating mechanical ar-
rangement.
Rotor inlet and exit ducting at opposing angles on
the same end of rotor complicating mechanical ar-
rangement.
Ports to and from combustor are on opposite ends
of rotor for the two cycles complicating ducting to
and from rotor.
Turbine ports are on opposite ends of rotor for the
two cycles complicating ducting from rotor to tur-
bine.
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Table III. Wave Rotor Design Summary.
Rotor Dimensions As Designed:
Inlet Port Area, A1, 4.3 sq in.
Mean Radius 3.21 in.
Passage Height 0.8792 in.
Rotor Length 6.0 in.
Design Point Parameters:
cycles per revolution 2
rotor speed 16800 rpm
passages 52
ratio of specific heats 1.353
viscosity 2.734X 10-5 lbm/ft/sec
mean Prandlt no. 0.75
P4/P1 1.219
T4/T1 2.210
mass flow 4.785 lbm/sec
Q 2.155
COlT
moo= 0.465
Rotor Dimensions As Scaled To Achieve Matched Flow Capacity:
Inlet Port Area, A1, 4.595 sq in.
Mean Radius 3.21 in.
Passage Height 0.9294 in.
Rotor Length 6.0 in.
Match Point Operating Parameters
cycles per revolution
rotor speed
passages
ratio of specific heats
viscosity
mean Prandlt no.
P4/P1
T4/T 1
mass flow
2
16067 rpm
52
1.353
2.734X 10-5 lbm/ft/sec
0.75
1.237
2.245
4.827 lbm/sec
Q
con"
2.149
mcolT 0.450
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Table IV. Estimated Fabrication and Program Costs.
Adaptive
A1.
A2.
A3.
A4.
A5.
A6.
A7.
A8.
A9.
A10.
engine parts required, 3 assemblies:
Gasifier turbine rear bearing support
Nozzle assembly- gasifier turbine 1st stage
Shield - gasifier turbine bearing sump
Combustor case
Combustor liner
Misc. exterior pipes and wiring
Spacer- turbine containment ring
Turbine nozzle mounting flange and support
Engine mount
Misc. parts in gasifier turbine sump
Total adaptive engine parts
Cost ($)
122100
57800
40900
27800
36900
6100
4100
11600
8600
6100
$ 322,000
Wave Rotor Components required, 3 assemblies:
I. Rotor
2. Forward end plate
3. Rear end plate
4. Air bearing journal shaft
5. Outer wave rotor assembly case
6. Inner case tube
7. Air bearing components
8. Transition ducts - compressor to port 1
9. Transition case - combustor to wave rotor
10. Combustor center body
11. Support for combustor center body
12. Duct from combustor outlet annulus to port 2
13. Duct from port 5 to combustor case inlet
14. Intermediate flange - liner support at combustor flange
Total Wave Rotor Components
Total Pro_am Cost
Program Management
General Layout Design and Analysis
Total adaptive engine parts
Total Wave Rotor Components
Basic Conventional Engine Components
Engine Assembly, 10 builds
Test Costs
Misc.
Total Cost
Cost ($)
73400
45300
45300
8700
21100
440O
33600
93100
57700
15300
5100
5700O
116300
5100
$581,000
$246,000
$153,000
$322,000
$581,400
$236,000
$28,100
$48,800
$161,500
$1,776,800
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Figure 1. Allison 250-C30 Turbo-Shaft Engine.
]4
2../Z"_-_ I
o F'OWpASSAGES7
T
END PLATE r,l"--%.'_u_,___
ROTOR -"_ _]__._ j_ _5__
Port , • Flow From Compressor L,_ _i/_4_ 'Port 2: Flow From Burner
Port 4: Flow To Turbine
Port 5: Flow To Burner END PLATE _
Figure 2. Schematic of Wave Rotor Configuration.
[_ Burner_ _,_ 5_l !
_] ..R0tor,_ 4 Compressor
Tur
Figure 3. Wave Rotor With Through Flow Cycle Used As A Gas Turbine Topping Cycle.
15
2From Burner
From
Compressor
To Burner
5
To Turbine
4
Figure 4. Wave Diagram Of The Selected Four-Port Through-Flow Wave Rotor Cycle.
16
Expansion Pressure
From Burner
Density
8 F
(
To Burner = _:
_a
Hot - Cold
Gas Interface
r_
From Compressor 2
Expansion 0.(1 0.5 _1.0 ne
x/L
o
Veloci
8
0 0
0.0 0.5 1.0 0.0 0.5 1.0
x/t, ×/T.
Figure 5. Wave Diagrams Of The Engine Topping Cycle, Pressure, Density, and Velocity Con-
tours.
17
o.
o"
o--
t_
e'l
Q.
-i
0
o
o
!
tXl
1.5
1.4
1.3
1.2
1.1
1.0
1.5
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/ o
/ GE experiment PR = 1.8
CFD code results
Advanced rotor
PR = 3.6)
I I ! I
2.0 2.5 3.0 3.5
Wave-rotor temperature ratio, T4/r3
Figure 6. Pressure ratio across wave rotor as a function of temperature ratio across it
from reference 1. Solid line characteristic used.
18
Through Flow Rotor @
2
From
1 4
x/L
5
To
;ombustor
t-
O
o3
O
EL
m
¢-.
E
o
L_
Reverse Flow Rotor
E
x/L
Figure 7. Wave Diagram Comparison Of The Through-Flow And Reverse-Flow Cycles.
19
Reverse Flow Rotor
t-
O
mm
im
0
Q.
m
To Combustor
5
E 1
t__
O
qll_2
From Combustor
4
To Combustor
5
2_
From Combustor
4
1
x/L
Figure 8. Reverse-Flow Rotor With Alternately Right And Left Porting.
20
1.40
1.30
P4/P1
1.20
Freewheeling Wave Rotor
Model 250 Demonstrator
1.10
1.00
/
÷
S
414_ - v/
• r •
,Ir..!_.--ly----¥ ...... ¥ .............
r
..............• ....................... 4
Ratio specific heats
Qcorr Qcorr/Qcd
1.077,
"lk,I, 1.616,
0.50
0.75
z
i
J
2.155, 1.00
2 6_4 _ "_
![,• 3.233, 1.50
2 3 4
T4Prl
Data from D. Paxson 2/24/95
Figure 9. Performance Of Rotor Designed For Use In Demonstrator Engine, Pressure Gain.
21
1.5
1.4
1.3
1.2
1.1
Freewheeling Rotor
Gamin
Ocorr= 3.23!
_corr = 2.694
Qcorr = 2.155 I
Qcorr = 1.616
Qcorr= 1.0'
0 0.1 0.2 0.3 0.4 0.5
Correct (dimensionless) Flow Rate
a=1.3_
0.6
Figure 10. Performance Of Rotor Designed For Use In Demonstrator Engine, Mass Flow.
22
7.75 lbm/sec
.. 381 psia
/ 347psia _ 1767F
Burner _-_605 F
I 2"_1-- .............. , I _14.7 psia
Con" Mass Flow" I W_i;e% / 1067F 14.790.0psiaF
n450 _ _ "2%.._1 140psia I
Qcorr = 2.149 1730 F A Compr
113 psia ,_ !
621F _ /
j I '
c28c !
Turbine
4.83 lbm/sec
Figure 11. Demonstrator Engine Design Point, Through Flow Cycle Conditions.
_=
e"
ID
30.0%
20.0% i
10.0%
idle
• • •
0.0% .......................
Figure 12.
r/l
t_
ca
P.
t_
-10.0%
-20.0% • • • @ •
-30.0% idle
I
-40.0%
0 100 200 300 400 500 600 700
Shaft Power Output, (hp)
Comparison of Off Design Performance To Baseline Engine Performance.
23
2.0
1.9 .................................................. X_-
Y
1.4
1.3
E
_ 1.2
1.1
1.0
.......................... :............. :"-..:....................................
1.8 L DesignPoint_Q _: ;& i T..
L Take Off I_:,; _": @._
• _ ql_t..xCru,.oJ . '" .............i .,%
1.7 ..... C.lrui,_ A-_ ............. :.,........................................ _,,,---
Cruise B-- Z • .... • .......
50% SHP/t • @. "............
_J ,. . -.. "-,,._
_._ .....................+ -.:.._.................._ -.:-.:_.................... .................
Idle \ +. '"e ::
+. ........ i+ + ..........
1.s ................_--_---_..........2.-:............i...................:_ ....;:..........................
"dk.. ',
i_ "'" ,,
"'"_ki
.............m__I_ .....:............................: ..................; .................
'i o°,oo,
..... Design-Point\-- ............ _-- ..... _i ................ I_ 1 616 075
Take Off_ \ __I_ " ' "
Max Cruise \:_ _- J i
Cruise A\ ,:_ __ _ :: / % 2 155 1 O0
.....Cr.i...._i ................_-- " ' "
t ! i
Idle ..._._.i_._ t ...... I ............ ! ................ /%3.233, 1.50
Ira-] i :_ :: |_i, Topped Engine
t I i " ! [ _" OperatingP°ints
.... _,.i ......... i ..... ---: ........
2 3 4
Wave Rotor Temperature Ratio, T4FF 1
3.8
O.
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
Figure 13. Placement Of Operating Points On Freewheeling Wave Rotor Performance Map.
24
025
2O
15
10
Cycle Pressure Ratios
TippedCycle,Slaft Compr.
T ,ppedCycle,V_aveRotor
_k p oductionEngire
OX,=T ,nn,_rl _vnl_ (2,vAmll
'qv f= ,r ,
/
.I "_ ._._....._-_
j__4,- --1
[] - _- [] _-II
0
0
Figure 14.
100 200 300 400 500 600 700
Engine Power Output, hE
Cycle Pressure Ratios Of The Wave Rotor Topped Demonstrator Engine.
80O
25
1.40
1.32
1.24
P4/P1
1.16
1.08
1.00
J
X j
_J
0 100 200 300 400 500 600
Engine Shaft Power Output, hp
.---41
700 800
Figure 15. Overall Wave Rotor Pressure Gain For The Demonstrator Engine.
26
800
700
600
"_ 500
r"
m[- 400
I
._
X
300
E
200
100
Hot Gas Expansion Within Wave Rotor
Temperature Reduction
/
_J
Figure 16.
100 200 300 400 500 600
Engine Power Output, hp
Drop In Gas Temperature From Burner Exit To Turbine Inlet.
7OO 8OO
27
3200
Wave Rotor Gas Temperatures
ComparedWith ProductionEngineGasTemperatures
3000 /,/
BurnerInli,=t,WRtopped . ///
2800 4",l,TurbineInlet,WR toppec tI_4_,j.._ 1t
BurnerExt, WRtopped
2600 _,j_ /
&_TurbineInlet,Production
=2400 /......._- , .+
2000 ._..........%1;iii_
o
r_ 1800
1400 _'":"" l
1200
1000
0 100 200 300 400 500 600 700
Engine Power Output, hp
Figure 17. Gas Path Temperatures In The Topping Cycle.
800
28
25OO
2OOO
©
E
E-
1500
0
"E
e-
1000
500
Figure 18.
Burner Inlet Temperature Comparison
Wave Rotor Topped Engine And Production Engine
/
/
_ Producti_
WRToPl
/
f
_nEngine
_edEngine
.2,
0 100 200 3OO 400 500
Engine Power Output, hp
Burner Inlet Temperature Comparison.
600 700 800
29
Ratio of Ngg to N Wave Rotor
Z
3.6
3.2
2.8
2.4
II
II
Figure 19.
100 200 300 400 500 600
Engine Power Output, hp
Comparison Of Rotational Speed Of Gasifier Spool and Wave Rotor.
700 800
30
Rotor Speed
16800 rpm
2 from burner
1 from
Density Wave Diagram
O
to burner
Rotor Dimensions
4 to turbin_
"-- 6.0 in--_
3.21 in
.... .............
86 in
I'
P=379.7 psia
T=2193.7 R
m=3.694 Ibm/s
P=344.6 psia
T=3041.0 R
m=3.694
P= 114.2 psia
T=1081.7 R
m=2.393 Ibm/s
Figure 20. Wave Rotor Design, Wave Diagram and Rotor Dimensions:
P=140.33 psia
T=2389.5 R
m=2.393 Ibm/s
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Rotor Designed For Use In
Allison 250 Wave Rotor Demonstrator Engine
End Plate
Port Spacing
5
4
Inlet End
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2 from burner
4 to turbine
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Figure 21. Wave Rotor Design, Rotor End View.
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Rotor Designed For Use In
Allison 250 Wave Rotor Demonstrator Engine
End View of Rotor
52 passages
12% Blockage
due to Passage Walls
Figure 22. Wave Rotor Design, End Plate Port Location.
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Figure 26. An Early Engine Layout Concept
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1Figure 28. Port 1 Preliminary Design.
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Figure 34. Cutaway View Of Wave Rotor Module Preliminary Design, Side View.
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/Figure 35. Cutaway View Of Wave Rotor Module Preliminary Design, End View.
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Figure 36. Production Model 250 R20 Combustor.
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Appendix A. NASA Generated Wave Rotor Design.
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Optimized 250 Wave Rotor
An optimization procedure was performed for an Allison 250 based, 4-port, through-flow wave rotor
(originally designed for approximately 4.0 Ibm/s). Little performance difference was found between
one and two cycle per rotor revolution designs. The two cycle design was selected because a) it
commensurate with the ducting from the 250 compressor and b) it maintains the option of a reverse
flow design if further investigation shows that cycle to be superior. The relevant geometry and
design point information are presented below and shown in Figures 1-3.
radius=3.21 in.
length=6.0 in.
cycles per revolution=2
omega=16800 rpm
passage height=0.86490 in
mass flow--4.785 lbm/s
passages=52
passage width= 0.3445 in
web thickness=0.0434 in
ratio of specific heats=1.353
P°i.l,t=114.2 psia (reference pressure)
T°t.,et=1081.7 R (reference temperature)
T°e_=2390 R
P/P1=1.229
T/r1=2.209
viscosity=2.734 X 10 "s Ibm/ft/s (based on mean of inlet and exhaust)
mean Pandtl #=.750
web blockage=12.6 %
inlet port area=4.23 sq. in.
Below is sample output of the supplementary data for the design point.
QCORR MFFRAC MFC PR TR OMEGA P02 T02 P05
2.188 1.544 0.472 1.229 2.209 0.550 3.017 2.811 3.325
T05 WDOTIN EPSLON
2.028 0.000 0.405
All of the data has been normalized by the inlet state shown above. The first column is the corrected
heat addition which is defined as
QCORR =
P01Al _ gc
where A t is the inlet port area shown above, R is the real gas constant, P0_ and T01 are the inlet
stagnation pressure and temperature, (_ is the heat additions rate, and g_ is the Newton constant. The
secon column is the ratio of upper loop flow over throughflow. The third column is the corrected
flow rate defined as
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MFC*
PolA1
where 41 is the mass flow rate. The values for PR and TR are the ratios of stagnation pressure and
temperature across the entire machine (see Fig 3). OMEGA is the rotor non-dimensional rotor speed
defined as
caLOMEGA = --
where L is the rotor length, and ao_ is the inlet stagnation speed of sound. P02 and T02 are the
stagnation pressure and temperature coming from the burner (normalized by the inlet from the
compressor-1). P05 and T05 represent the flow going to the combustor. EPSLON is the ratio of the
exhaust port smile pressure over the average pressure in the passage just before the exhaust port
opens. The plots appearing in Figures 4-6 are reasonably self-explanatory. Leakage gaps of 0.005
in. were assumed since that is approximately where the NASA Phase 1 rotor is currently operating.
The web blockage listed above should be used when calculating mass flows. That is, the mass flow
obtained from the corrected flow rate above and the known area and inlet state should be reduced
by 12.6% to get the true mass flow (this has worked well for the NASA experiment to date).
Note that Figures 4-6 are for a freewheeling wave rotor. It is not clear that this approach will work
however, because it appears that as fuel flow is increased (i.e., increased heat addition) the corrected
flow is reduced. This would seem to be precisely the opposite of what the surrounding
turbomachinery requires. As such, maps and data which correspond to holding the rotor at fixed
speeds are also included. The plots in Figures 7-10 show the performance on mass flow vs. pressure
ratio curves for families of speed lines at 4 different fuel flow (heat addition) settings. Temperature
ratio information can be found in the supplementary data. Note that the fixed speed supplementary
data conatains an extra column entitled WDOTIN. This is the ratio
WDOTIN
cpTol
The speed labels on Figures 7-10 which have a (p) next to them indicate positive shaft work (i.e. a
drive motor is required) all the rest show work is being extracted from the shaft.
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Freewheel Performance Data
1.0775 0.9682 0.4941 1
1.0775 0.9854 0.4780 1
1.0775 1.0686 0.4468 1
1.0775 1.2210 0.3993 1
1.0775 1.2790 0.3755 1
1.0775 1.3558 0.3352 1
1.6163 1.0790 0.4960 1
QCORR MFFRAC MFC PR TR OMEGA P02 T02 P05 T05
1.0775 0.9392 0.4992 0 9920 1.5654 0.4810 2.4442 2 4894 2.5980 1.8900
0248 1.5704 0.4716 2.5107 2
0522 1.5863 0.4680 2.5327 2
0711 1.6259 0.4677 2.5298 2
0872 1.6997 0.4638 2.4959 2
0928 1.7437 0.4634 2.4630 2
0981 1.8317 0.4675 2 3895 2
0290 1.8532 0.5309 2
1.6163 1.1814 0.4935 1.0594 1.8574 0.5227 2
1 6163 1.2983 0.4906 1.0940 1.8624 0.5110 2
6163 1.3335 0.4856 1.1290 1.8701 0.5023 2
6163 1.3471 0.4648 1.1576 1 9048 0.4946 2
6163 1.3863 0.4497 1.1643 1
6163 1.4590 0.4282 1.1716 1
6163 1 5340 0.4054 1.1782 2
6163 1
6163 1
6163 1
6163 1
6163 1
6163 1
6163 2
5936 0.3847 1.1840 2
6484 0.3633 1.1900 2
6989 0.3416 1.1961 2
7532 0.3189 1.2016 2
8187 0.2939 1.2066 2
9081 0 2647 1.2106 2
0712 0 2203 1.2088 2
)341 0.4956 2
9812 0.4988 2
0365 0.5021 2
0920 0.5064 2
1561 0.5122 2
2297 0.5195 2
3165 0.5290 2
4281 0.5406 2
5846 0.5547 2
8990 0. 782 2
4745 2.6630 1.8870
5219 2.6840 1.9250
5401 2.6880 1.9510
5417 2.6610 1.9650
5833 2.6280 1.9980
7168 2.5490 2.0980
7846 2.7780 1.9970
6608 2.8750 1.9370
5458 2.9980 1.8840
2 1550 1 1863 0
2 1550 1 2153 0
2 1550 1 2420 0
2.1550 1 2986 0
2.1550 1 3790 0
2.1550 1 4196 0
2.1550 1 5642 0
2.1550 1 6112 0
2.1550 1.6482 0
2.1550 1.6912 0
4834 1.0623 2 1613 0
4814 1.0854 2 1673 0
4783 1.1129 2.1749 0
4744 1.1438 2.1881 0
4695 1.1799 2.2013 0
4677 1.1961 2.2063 0
4650 1.2217 2.2122 0
4490 1.2386 2.2504 0
4342 1.2440 2.2913 0
4182 1.2487 2.3410 0
2.1550 1.7407 0.3998 1.2536 2.4026 0
2.1550 1.7946 0.3799 1.2587 2.4760 0
5607 2
6452 2
7581 2
8280 2.5362 3.0650 1.8850
8501 2.6009 3.0810 1.9270
8374 2.6203 3.0700 1.9440
8138 2.6377 3.0520 1.9630
7844 2.6681 3.0270 1.9900
7513 2.7155 2.9960 2.0280
7123 2.7832 2 9570 2.0790
6696 2.8725 2 9120 2.1460
6221 2.9849 2 8610 2.2310
5712 3.1314 2 8030 2 3420
5188 3.3338 2 7390 2 4990
4331 3.7341 2 6330 2 8100
1720
1680
1660
1430
1040
0850
0350
5886 2.7533 3.1525 3 0140 2
5875 2.7763 3.1292 3 0400 2
5847 2.7952 3.1128 3 0610 2
5789 2.8311 3.0564 3.1030 2
5692 2.8758 2.9721 3.1560 2
5640 2.8994 2.9320 3.1840 2
5453 3.0184 2.8084 3.3230 2
5307 3.0752 2.8397 3.3800 2 0630
5362 3.0480 2 8814 3.3540 2.0960
5420 3.0199 2 9319 3.3280 2.1370
5477 2.9908 2 9966 3.3010 2.1890
5545 2.9577 3 0757 3.2680 2.2510
2.1550 1.8510 0.3595 1 2636 2.5600 0.5629 2.9190 3
2.1550 1.9162 0.3367 1
2.1550 1.9922 0.3113 1
2.1550 2.0869 0.2826 1
2.1550 2.2143 0.2485 1
2.1550 2.3867 0.2016 1
2.6937 1.3970 0.4721 1
2.6937 1.4257 0.4705 1
2 6937 1.4627 0.4673 1
2672 2.6651 0.5738 2.8702 3
2701 2.8000 0.5873 2.8124 3
2717 2.9822 0.6053 2.7433 3
2711 3.2524 0.6313 2.6576 3
2670 3.7692 0.6737 2.5371 4
1065 2.4854 0.6244 2 9928 3
1264 2.4932 0.6236 3
1508 2 4997 0.6229 3
5124 0.6215 3
5298 0.6196 3
5375 0.6185 3
5484 0.6169 3
5608 0.6158 3
5727 0.6151 3
5864 0.6147 3
6009 0 6132 3
6304 0 6045 3
1673 3.2280 2.3220
2827 3.1780 2.4110
4319 3.1170 2.5250
6346 3.0420 2.6810
9392 2.9460 2.9170
5483 2.8030 3.3800
3117 3.3110 2.2460
0178 3.2939 3.3400 2.2460
0446 3.2769 3.3710 2.2490
0705 3.2650 3.4010 2.2550
0888 3.2607 3.4230 2.2640
0922 3.2626 3 4280 2.2680
1010 3.2629 3 4370 2.2750
1093 3.2640 3 4480 2.2820
1148 3.2675 3 4550 2.2910
1186 3.2746 3 4590 2 3010
1238 3.2819 3 4650 2 3130
1314 3.2979 3 4720 2 3290
6937 1.5003 0.4639 1.1769 2
6937 1.5354 0.4592 1.2052 2
6937 1 5469 0.4569 1.2172 2
6937 1 5688 0.4533 1.2335 2
6937 1 5918 0 4498 1.2487 2
6937 1 6112 0 4464 1.2616 2
6937 1 6314 0 4425 1.2743 2
6937 1 6539 0 4384 1.2881 2
6937 1 6842 0 4305 1.3046 2
4125 1.3109 2.6995 0
3944 1.3150 2.7785 0
3742 1.3190 2.8746 0
3509 1.3217 2.9975 0
3246 1.3232 3.1594 0
2935 1 3226 3.3881 0
4619 1 1437 2.8261 0
1612 2.8349 0
6080 3.0926 3.3698 3 4340 2 3780
6160 3.0529 3.4560 3 3950 2 4410
6249 3.0125 3.5587 3.3550 2 5190
6364 2.9652 3.6950 3.3090 2 6230
6514 2.9099 3 8733 3.2540 2.7600
6723 2.8435 4 1279 3.1850 2.9590
6658 3.2029 3 6576 3.5710 2.4710
6699 3.2098 3 6643 3.5800 2.4830
2.6937 1 7183 0
2.6937 1 7556 0
2.6937 1 8057 0
2.6937 1 8678 0
2.6937 1.9450 0
2.6937 2.0480 0
3.2325 1.5396 0
3.2325 1.5571 0.4583 1
3.2325 1.5791 0.4565 1 1818 2.8441 0.6698 3.2308 3 6639 3.6030 2.4930
3.2325 1.6063 0.4538 1 2051 2.8575 0.6708 3.2530 3 6661 3.6290 2.5080
3.2325 1.6423 0.4491 1 2320 2.8749 0.6716 3.2758 3 6745 3.6560 2.5300
3.2325 1.6574 0.4468 1 2431 2.8834 0.6717 3.2838 3.6795 3.6660 2.5400
3.2325 1.6780 0.4435 1 2574 2.8986 0.6725 3.2929 3.6895 3.6770 2.5560
3.2325 1.6976 0.4400 1 2713 2.9124 0.6726 3.3003 3.6994 3.6870 2.5700
3.2325 1.7106 0.4371 1.2831 2.9262 0.6725 3.3025 3.7081 3.6910 2.5800
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3 2325 1.7225 0.4342 1.2959 2.9384 0.6709 3 3039 3.7161 3.6920 2.5880
2325 1.7375 0.4306 1.3087 2 9535 0.6701 3
2325 1.7544 0.4268 1.3211 2
2325 1.7737 0.4221 1.3335 2
2325 1.7947 0.4160 1.3454 3
2325 1.8164 0.4045 1.3547 3
2325 1.8401 0.3872 1.3590 3
2325 1.8716 0.3660 1.3610 3
2325 1.9093 0.3407 1.3619 3
2325 1.9597 0.3094 1.3597 3
2325 2.0391 0.2714 1.3558 4
2325 2.2180 0.2250 1.3516 4
9714 0.6697 3
9937 0.6693 3
0236 0.6685 3
0796 0.6697 3
1738 0.6774 3
2985 0.6896 3
4706 0.7047 3
7204 0.7282 2
3053 3.7273 3.6960 2.6000
3063 3.7414 3.6970 2.6150
3067 3.7610 3.6980 2.6340
3043 3.7894 3.6940 2.6590
2826 3 8486 3.6700 2.7010
2328 3 9503 3.6170 2.7670
1687 4 0890 3.5510 2.8580
0870 4 2811 3.4670 2.9850
9799 4 5679 3.3540 3.1770
0979 0.7614 2.8560 5 0090 3.2180 3.4850
7294 0.8048 2.7431 5 7203 3.0890 4.0310
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Fixed Speed Performance Data
QCORR MFFRAC MFC PR TR OMEGA P02 T02 P05 T05 WDOTIN
1.616 1.179 0.521 1.037 1 804 0.440 2.892 2 455 3.124 1.768 -0.006
1.616 1.178 0.519 1.047 1
1.616 1.180 0.515 1.067 1
1.616 1.185 0.508 1.088 1
1.616 1.199 0.495 1.109 1
1.616 1.248 0.473 1.125 1
1.616 1.276 0.506 1.013 1
1.616 1.284 0.505 1.028 1
1.616 1.297 0.502 1.050 1
1.616 1.309 0.499 1.076 1
1.616 1.319 0.494 1.104 1
1.616 1.328 0.486 1.133 1
1.616 1.348 0.465 1.158 1
1.616 1.389 0.449 1.164 1
1.616 1.476 0.422 1.171 1
1.616 1.560 0.391 1.177 2
1.616 1.617 0.360 1.182 2
1.616 0.911 0.495 1.001 1
1.616 0.936 0.492 1.020 1
1.616 0.974 0.488 1.046 1
1.616 1.017 0.483 1.074 1
1.616 1.069 0.477 1.106 1
1.616 1.123 0.468 1.138 1
1.616 1.145 0.463 1.151 1
1.616 1.181 0.452 1.166 1
1.616 1.249 0.436 1.176 1
1.616 1.334 0.418 1.183 2
1.616 1.429 0.400 1.190 2
1.616 1.538 0.379 1.196 2
1.616 1.668 0.353 1.203 2
1.616 1.812 0.314 1.207 2
2.155 1.286 0 522 1.110 2
2.155 1 288 0 521 1.117 2
806 0.440 2.899 2
811 0.440 2.911 2
822 0.440 2.919 2
842 0.440 2.915 2
881 0.440 2.899 2
834 0.495 2.748 2
835 0.495 2.762 2
838 0.495 2.785 2
843 0.495 2.810 2
850 0.495 2.834 2
865 0.495 2.853 2
904 0.495 2.850 2
937 0.495 2.838 2
)94 0.495 2.813 2
071 0.495 2.771 2
162 0.495 2.717 2
463 3.130 1.773 -0.006
479 3 140 1.786 -0.006
503 3
535 3
562 3
466 2
465 3
468 3
478 3
498 3
533 3
600 3
620 3
637 3
692 3
796 2
146 1.803 -0.006
144 1.825 -0.006
131 1.848 -0.006
985 1.812 -0.002
000 1.814 -0.002
023 1.820 -0.002
048 1.833 -0.002
071 1.851 -0.001
087 1.879 -0.001
081 1.927 0.000
071 1 943 0.000
053 1 )61 -0.001
017 2 001 -0.002
963 2 071 -0.003
852 0.550 2.435 3.108 2
857 0.550 2.455 3.081 2
865 0.550 2.486 3.047 2
875 0.550 2.524 3.015 2
887 0.550 2.565 2.981 2
)05 0.550 2.608 2.964 2
915 0.550 2.623 2.968 2
936 0.550 2.638 2.976 2
972 0.550 2.648 2.963 2
013 0.550 2.652 2.935 2
060 0.550 2.654 2.909 2
117 0 550 2.651 2.892 2
197 0 550 2.641 2.898 2
343 0 550 2.598 3.006 2
069 0 440 3.177 2.682 3
071 0 440 3.182 2.684 3
631 2
655 2
690 2
733 2
780 2
825 2
839 2
855 2
869 2
879 2
886 2
887 2
880 2
834 2
472 1
475 1
172 0.001
166 0.001
159 0.002
157 0.002
154 0.003
162 0.004
172 0 004
186 0 005
188 0 OO6
179 0 006
171 0 006
168 0 006
181 0 005
264 0 003
843 -0 009
845 -0 009
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2.155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
2 155 1
295 0
305 0
325 0
372 0
445 0
430 0
435 0
444 0
453 0
463 0
476 0
510 0
551 0
611 0
670 0
708 0
345 0
355 0
370 0
393 0
428 0.480 1
481 0.473 1
516 1.136 2.079 0
509 1.155 2.094 0
496 1.173 2.120 0
472 1.186 2.176 0
428 1.192 2.296 0
506 1.090 2.106 0
505 i.i01 2.109 0
504 1.121 2.114 0
501 1.145 2.118 0
496 1.172 2.128 0
487 1.198 2.150 0
463 1 219 2.205 0
444 1 223 2.257 0
416 1 228 2.341 0
381 1 234 2.459 0
351 1
493 1
491 1
489 1
485 1
440 3.192 2.693 3 484 1 852 -0
440 3.197 2.710 3.488 1 864 -0
440 3.189 2.737 3.482 1 882 -0
440 3.158 2.783 3.458 1.914 -0
440 3.070 2.896 3.377 1.987 -0
495 3.087 2.709 3.384 1.932 -0
495 3.096 2.709 3.394 1.933 -0
495 3.112 2.709 3.412 1.935 -0
495 3.131 2.711 3.433 1.939 -0
495 3.148 2.722 3.450 1.947 -0
495 3.158 2.745 3.458 1.963 -0
495 3.136 2.806 3.438 2.001 -0
495 3.109 2.854 3.418 2.037 -0
495 3.065 2.937 3.382 2.098 -0
OO8
009
0O9
010
010
O05
0O5
OO5
OO5
OO5
004
004
006
007
495 2 995 3.064 3.316 2.182 -0.009
235 2.586 0.495 2 921 3.203 3.234 2.264 -0.009
066 2.141 0.550 2 868 2.839 3.148 1.991 -0.003
084 2.145 0.550 2 877 2.840 3.158 1.995 -0.003
107 2.149 0.550 2 889 2.840 3.171 2.000 -0.003
133 2.157 0.550 2 905 2.838 3.189 2.006 -0.002
161 2.170 0.550 2 925 2 833 3.212 2.012 -0.001
191 2.187 0.550 2.955 2 824 3.248 2.021 -0.001
2 155 1.507 0.470 1
2 155 1.541 0.465 1
2 155 1.570 0.458 1
2.155 1.603 0.448 1
2.155 1.663 0.428 1
2.155 1.734 0.403 1
2.155 1.806 0.372 1
2.155 1.866 0.332 1
2.155 1.053 0.482 1
2.155 1.084 0.479 1
204 2.195 0.550 2.969 2
220 2.208 0.550 2.988 2
234 2.226 0.550 3.003 2
244 2.254 0.550 3.009 2
249 2.313 0.550 3.003 2
254 2.393 0.550 2.989 2
258 2.505 0.550 2.955 3
263 2.682 0.550 2.874 3
054 2.166 0.605 2.653 3
077 2.175 0.605 2.676 3
2.155 1.094 0.474 1.103 2.186 0.605 2.682 3
821 3.266 2.027 -0.001
822 3.289 2.037 0.000
834 3.305 2.052 0.001
856 3.312 2.073 0.002
907 3.309 2.116 0.001
986 3.298 2.181 0.000
108 3.267 2.272 -0.001
307 3.187 2.399 -0.004
434 2.897 2.326 0.002
406 2.923 2.322 0.002
429 2.929 2.345 0.002
2.155 1.107 0.469 1.132 2.200 0.605 2.686 3.458 2.934 2.373 0.002
2.155 1.136 0.462 1.164 2.219 0.605 2.699 3.466 2.950 2.394 0.002
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2.155 1.152 0.459 1.178 2.228 0 605 2 706 3.466 2.959 2.402 0.003
2.155 1.181 0.454 1.195 2.240 0
2.155 1.220 0.449 1.210 2.256 0
2.155 1.256 0.444 1.223 2.272 0
2.155 1.288 0.435 1.234 2.297 0
2.155 1.344 0.420 1.243 2.342 0
2.155 1.428 0.403 1.250 2.399 0
2.155 1.529 0.385 1.257 2.464 0
605 2
605 2
605 2
605 2
605 2
605 2
605 2
2.155 1.653 0.365 1.265 2.544 0.605 2
2.155 1.829 0.338 1.270 2.664 0.605 2
2.155 2.087 0.282 1.272 2.988 0.605 2
2.155 0.586 0.429 1.082 2.322 0.715 2
2.155 0.548 0.436 1.048 2.300 0.715 2
2.155 0.587 0.429 1.082 2.321 0.715 2
2.155 0.629 0.423 1.118 2.341 0.715 2
2.155 0.661 0.415 1.154 2.368 0.715 2
2.155 0.681 0.407 1.165 2.397 0.715 2
2.155 0.721 0.394 1.177 2.445 0.715 2
2.155 0.771 0.381 1.187 2.496 0.715 2
2.694 1.312 0.520 1.176 2.340 0.440 3
2.694 1.316 0.519 1.182 2.342 0.440 3
2.694 1.326 0.513 1.200 2.357 0.440 3
2.694 1.341 0.503 1.217 2.381 0.440 3
2.694 1.369 0.486 1.231 2.427 0.440 3
2.694 1.474 0.507 1.157 2.377 0.495 3
2.694 1.479 0.506 1.172 2.379 0.495 3
2.694 1.485 0.505 1.193 2.384 0.495 3
2.694 1.490 0.502 1.216 2.391 0.495 3
2.694 1.499 0.495 1.240 2.409 0.495 3
719 3.454 2.975 2.406 0.003
738 3.425 2.998 2.399 0.004
755 3.405 3.017 2.397 0.004
762 3.411 3.025 2.408 0.005
759 3.412 3.027 2.417 0.006
758 3.386 3.033 2.410 0.006
758 3.355 3.040 2.400 0.005
757 3.330 3.046 2.397 0.005
762 3.335 3.059 2.426 0.004
742 3.641 3.040 2.685 0.000
346 6.643 2.524 4.412 0.010
301 6.816 2.475 4.455 0.011
347 6.643 2.523 4.413 0.010
392 6 481 2.573 4.372 0.011
435 6
449 6
459 6
462 6
413 2
417 2
423 3
419 3
395 3
359 3
369 3
383 3
397 3
406 3
459 2.618 4.413 0.013
448 2.636 4.424 0.014
381 2.654 4.404 0.015
254 2.666 4.338 0.016
997 3.761 1.968 -0.011
999 3.765 1.969 -0.011
010 3.770 1.977 -0.011
032 3.767 1.991 -0.011
076 3.748 2.021 -0.012
056 3.709 2.116 -0.009
052 3.720 2.113 -0.009
049 3.737 2.111 -0.009
052 3.752 2.112 -0.009
064 3.761 2.118 -0.008
2.694 1.516 0.481 1.262 2.447 0.495 3.398 3
2.694 1.582 0.446 1.273 2.559 0.495 3.348 3
2.694 1.542 0.492 1.136 2.417 0.550 3.205 3
2.694 1.558 0.491 1.149 2.421 0.550 3.223 3
2.694 1.581 0.489 1.170 2.428 0.550 3.250 3 110 3
2.694 1.608 0.487 1.194 2.437 0.550 3.281 3 113 3
2.694 1.635 0.483 1.221 2.449 0.550 3.312 3.119 3
2.694 1.659 0.478 1.251 2.464 0.550 3.337 3.128 3
2.694 1.667 0.475 1.263 2.473 0.550 3.344 3.137 3
2.694 1.677 0.469 1.278 2.492 0.550 3.348 3.153 3
2.694 1.688 0.459 1.290 2.525 0.550 3.341 3.187 3
2.694 1.712 0.440 1.295 2.588 0.550 3.313 3.256 3
2.694 1.755 0.417 1.300 2.673 0.550 3.283 3.352 3
2.694 1.800 0.390 1.305 2.789 0.550 3.236 3.480 3
2.694 1.843 0 358 1.311 2.945 0.550 3.162 3.651 3
2.694 1.883 0 304 1.308 3.282 0.550 3.004 4.023 3
2.694 1.461 0 477 1 i10 2.468 0.605 3.067 3.209 3
2.694 1 467 0 477 1 116 2.470 0.605 3.072 3.208 3
2 694 1 487 0 475 1 136 2.476 0.605 3.088 3.204 3
2 694 1 507 0 472 1 159 2.484 0.605 3.102 3.204 3
2 694 1 529 0 469 1 185 2.496 0.605 3.115 3.206 3
I01 3.753 2.138 -0.008
220 3.716 2.225 -0.011
108 3.545 2.183 -0.007
108 3 566 2.190 -0.007
597 2.201 -0.006
632 2.215 -0.006
668 2.228 -0.005
697 2.242 -0.005
704 2.248 -0.004
708 2.260 -0.004
700 2.279 -0.003
675 2.323 -0.004
651 2.392 -0.006
608 2 478 -0.008
537 2
362 2
391 2
396 2
414 2
433 2
447 2
585 -0.011
796 -0.014
201 -0.003
203 -0.003
209 -0.003
217 -0 002
226 -0 002
694 1 553 0 464 1
694 1 567 0 461 1
694 1 587 0 457 1
694 1 606 0 453 1
694 1 624 0.450 1
694 1 642 0.446 1
694 1.664 0.441 1
694 1.684 0.431 1.305 2
694 1.736 0.410 1.312 2
694 1.853 0.384 1.317 2
694 1.962 0.351 1.321 2
694 2.039 0.303 1.325 3
213 2 514 0.605 3.121 3.214 3.456 2
224 2
240 2
255 2
268 2
281 2
293 2
238 -0
522 0.605 3.125 3.218 3.461 2 244 -0
534 0 605 3.131 3.223 3.468 2 254 -0
548 0 605 3.136 3.229 3.474 2 264 -0
558 0 605 3.139 3.236 3.479 2.273 -0
573 0 605 3.141 3.245 3.482 2.285 -0
591 0 605 3.145 3.260 3.487 2.302 -0
629 0 605 3.132 3.298 3.472 2.329 0
710 0
827 0
994 0
297 0
0O2
002
001
001
001
001
001
000
605 3.100 3.376 3.443 2.389 0.000
605 3.112 3.505 3.468 2.516 -0.002
605 3.107 3.703 3.471 2.683 -0.003
605 3.010 4.044 3.370 2.908 -0.009
2.694 1.177 0.467 1.097 2 505 0.660 2.816 3.772 3.111 2.494 0.004
2.694 1.189 0.467 1.106 2.512 0.660 2 827 3.758 3.123 2.491 0.004
2.694 1.245 0.463 1.131 2.524 0.660 2 867 3.692 3.171 2.471 0.005
2.694 1.314 0.458 1.160 2.543 0.660 2 912 3.616 3.225 2.448 0.005
2.694 1.391 0.451 1.189 2.567 0.660 2 956 3.548 3.276 2.427 0.005
2.694 1.424 0.447 1.201 2.579 0.660 2 971 3.525 3.295 2.422 0.005
2.694 1.463 0.443 1.217 2.595 0.660 2 988 3.503 3.316 2.418 0.005
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2.694 1.483 0.439 1.231 2.609 0.660 2 992 3.508 3.320 2 427 0.006
2.694 1.499 0.435 1.243 2.622 0.660 2 993 3.516 3.322 2 437 0.006
2.694 1 521 0.430 1 256 2.639 0.660 2 996 3.520 3.326 2 445 0.006
2.694 1 550 0 424 1 268 2.659 0.660 3 000 3.521 3.332 2 452 0.006
2 694 1 584 0 418 1 280 2.683 0.660 3 004 3.522 3.337 2 461 0.006
2 694 1 620 0 411 1 291 2.713 0.660 3 005 3.528 3.340 2 473 0.006
2 694 1 661 0 401 1 302 2.754 0.660 3 002 3.549 3.338 2.495 0.006
2 694 1 691 0 385 1 310 2.825 0.660 2.972 3 622 3.305 2.544 0.006
2 694 1 737 0 361 1 315 2.947 0.660 2.912 3 745 3.244 2.624 0.004
2 694 1 877 0 328 1 321 3.139 0.660 2.873 3 879 3.209 2.738 0.001
2 694 2 217 0 269 1 323 3 595 0.660 2.901 4 381 3.248 3.204 -0.005
3 233 1 313 0 517 1
3 233 1.315 0 516 1
3 233 1.328 0 509 1
3 233 1.351 0 497 1
3.233 1.390 0.476 1
3.233 1.424 0.439 1
3.233 1.319 0.371 1
240 2
243 2
261 2
276 2
288 2
292 2
282 3
3.233 1.500 0.509 1.223 2
3.233 1.503 0.508 1.234 2
3.233 1.506 0.507 1.255 2
3.233 1.510 0.503 1.277 2
3.233 1.519 0.496 1.299 2
3.233 1.541 0.480 1.317 2
3.233 1.634 0.494 1.202 2
616 0.440 3.614 3
617 0.440 3.616 3
638 0.440 3.620 3
676 0.440 3.616 3
748 0.440 3.590 3
894 0.440 3.503 3
231 0.440 3.266 4
647 0.495 3.613 3
648 0.495 3.620 3
653 0.495 3.632 3
663 0.495 3.641 3
334 4.010 2.091 -0.013
335 4.011 2.093 -0.013
351 4.016 2.104 -0.013
388 4.014 2.132 -0.014
464 3.998 2.190 -0.015
621 3.917 2.273 -0.015
096 3.624 2.374 -0.016
404 4 012 2.298 -0.013
399 4 020 2.295 -0.013
395 4 033 2.289 -0.013
399 4 044 2.289 -0.012
686 0.495 3.643 3.416 4 046 2.297 -0 012
739 0 495 3.625 3.467 4 031 2.327 -0 013
695 0 550 3.547 3.490 3.940 2 445 -0 010
3.233 1.641 0.493 1.216 2.699 0
3.233 1.652 0.491 1.237 2.706 0
3.233 1.663 0.488 1.260 2.715 0
3.233 1.676 0.485 1.287 2.726 0
3.233 1.685 0.479 1.315 2.748 0
3.233 1.689 0.475 1.325 2.764 0
3.233 1.697 0.464 1.337 2.806 0
3.233 1.726 0.443 1.342 2.890 0
3.233 1.759 0.423 1.346 2.976 0
3.233 1 792 0 400 1.351 3.087 0.550 3
3.233 1 827 0 374 1.354 3.229 0.550 3
550 3.557 3.488 3.952 2
550 3.574 3.487 3.971 2
550 3.593 3.487 3.993 2
550 3.611 3.488 4.014 2
550 3.619 3.503 4.025 2
550 3.617 3.518 4.022 2
550 3 601 3.559 4.007 2
550 3 564 3.652 3.977 2
550 3 530 3.747 3.948 2
479 3.870 3.904 2
412 4.023 3.840 2
445 -0 010
447 -0 010
449 -0 009
451 -0 009
459 -0 009
466 -0 008
487 -0 008
548 -0 010
614 -0.012
694 -0.014
790 -0.016
3.233 1
3.233 1
3.233 1
3.233 1
3 233 1
3 233 1
3 233 1
3 233 1
3 233 1
846 0
573 0
575 0
588 0
603 0
621 0
645 0
656 0.466 1
673 0.463 1
351 1.357 3.378 0.550 3
479 1.175 2.748 0.605 3
479 1 178 2.750 0.605 3
477 1 196 2.756 0.605 3
475 1 218 2.765 0.605 3
472 1 243 2.777 0.605 3
468 1 271 2 794 0.605 3
283 2
298 2
313 2
326 2
3 233 1.694 0.460 1
3 233 1.717 0.457 1
3.233 1.741 0.454 1.338 2
3.233 1.770 0.446 1.348 2
3.233 1.820 0.430 1.355 2
335 4.187 3.763 2.884 -0.018
331 3 542 3.703 2.423 -0.008
333 3
343 3
353 3
363 3
374 3
801 0.605 3.378 3
812 0.605 3.386 3
823 0.605 3.399 3
834 0.605 3.416 3
850 0.605 3.433 3
881 0 605 3.445 3
952 0
542 3.705 2.424 -0.008
542 3.717 2.428 -0.008
541 3.729 2.433 -0.008
543 3.741 2.440 -0.008
548 3.756 2.452 -0.007
551 3.761 2.457 -0.007
556 3.771 2.467 -0.007
564 3.787 2.482 -0.007
575 3.807 2.501 -0.006
592 3.826 2.524 -0.006
628 3.840 2.560 -0.005
605 3.450 3.713 3 852 2.635 -0.005
3.233 1.880 0.408 1.360 3.058 0
3.233 1.936 0.379 1.365 3.210 0
3.233 1.988 0.341 1.370 3.449 0
3.233 1.553 0.463 1.150 2.816 0
3.233 1.567 0.461 1.165 2.822 0
3.233 1.589 0.460 1.186 2.830 0
3.233 1.616 0.457 1.211 2.842 0
605 3.442 3.839 3
605 3.409 4.016 3
605 3.323 4.284 3
660 3.222 3.641 3
660 3.236 3.641 3
660 3.257 3.640 3
660 3.278 3.643 3
852 2.739 -0 007
824 2.868 -0 009
741 3.040 -0 014
592 2.467 -0 002
608 2 474 -0 002
631 2 485 -0 002
656 2 500 -0 002
3.233 1.648 0.453 1.237 2.859 0.660 3.299 3.651 3.682 2
3.233 1.661 0 450 1.248 2.868 0.660 3 305 3.656 3.689 2
3.233 1
3 233 1
3 233 1
3 233 1
3 233 1
3 233 1
3 233 1
3.233 1 679 0
693 0
705 0
719 0
735 0
752 0
771 0
791 0
3 233 1.811 0.403 1
3.233 1.852 0.379 1
520 -0.002
529 -0.002
447 1.263 2.881 0.660 3
444 1.277 2.894 0.660 3
441 1 289 2.907 0.660 3
438 1 301 2.921 0.660 3
434 1 314 2.937 0.660 3
430 1 326 2.955 0.660 3
425 1 339 2.978 0.660 3
418 1
314 3.664 3.699 2 541 -0.002
316 3.673 3.703 2.551 -0.002
317 3.681 3.705 2.560 -0.002
318 3 692 3.708 2.572 -0.001
320 3 704 3.709 2.585 -0.001
320 3 719 3.711 2.600 -0.001
320 3 740 3.710 2.620 -0.001
349 3.015 0.660 3.313 3 777 3.702 2.649 -0.001
358 3.088 0.660 3.276 3 853 3.661 2.697 -0.002
365 3.215 0.660 3.217 3 987 3.602 2.786 -0.004
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Fixed SpeedPerformanceData
3.233 2.009 0.344 1.370 3.442 0.660 3.216 4.255 3.617 3.034 -0.007
3.233 2.148 0.302 1.374 3.776 0.660 3.189 4.655 3.594 3.353 -0.011
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